Abstract Accurate determination of cell number is essential for the quantitative description of biological processes. The changes should be related to a measurable reference e.g. in the case of cell culture, the viable cell number is a very valuable reference parameter. Indirect methods of cell number/viability measurements may have up to 10 % standard deviation. This can lead to undesirable large deviations in the analysis of ''-omics'' data as well as time course studies. Such data should be preferably normalized to the exact viable cell number at a given time to allow meaningful interpretation and understanding of the biological processes. Manual counting of cell number is very laborious and not possible in certain experimental setups. We therefore, developed a simple and reliable fluorescence based method with an accuracy of 95-98 % for the determination of the viable cell number in situ. We optimized the seeding cell densities for primary rat hepatocytes for optimal cell adhesion. This will help in efficient use of primary cells which are usually limited in availability. The method will be very useful in the application of ''-omics'' techniques, especially metabolome analysis where the specific rates of uptake/production of metabolites can be reliably calculated.
Introduction
Nowadays with increasing emphasis on systems biology, the ''-omics'' techniques find widespread application and require quantitative description of biological phenomena. For this purpose the observed changes and differences should be related to a measurable reference value. In cell culture experiments, changes are often related to either the seeded cell number (Klingmüller et al. 2006; Niklas et al. 2009; Drobná et al. 2010 ), or to other experimentally determined values such as the amount of protein (Klingmüller et al. 2006; Drobná et al. 2010) or DNA within a sample or the number of nuclei (as an indicator of cell number). However, these values cannot be used as reference under certain conditions, e.g. when the cellular protein content varies over time or when the DNA content or the number of nuclei per cell is not constant e.g. in the case of hepatocytes (Guidotti et al. 2003) . Furthermore, these parameters do not necessarily represent the actual viable cell number. Dead or dying cells can significantly contribute to the protein or DNA content without any influence on the metabolic signature of the culture. Therefore, a method for the determination of the viable cell number for the generation of reliable reference values is highly desired.
The ideal reference for in vitro experiments is the viable cell number. Although, the determination of the viable cell number is a standard and easy procedure in suspension cell cultures, it is much more difficult for adherent cell cultures. For robust cell types, such as most cell lines, use of trypsin and subsequent cell counting in the cell suspension is a possible way. For more sensitive cell types such as primary cells, use of trypsin for cell detachment and mechanical stress leads to cell damage. Since cells die due to such invasive process whereas they were viable when still adhered, such methods therefore do not reliably provide the viable adherent cell number.
We describe a fluorescence based method for reliable in situ determination of the viable cell number in collagen monolayer cultures of primary rat hepatocytes. The non-invasive fluorescence staining does not affect cell viability and therefore enables the maintenance of the culture and multiplexing with other assays or ''-omics'' analyses after cell number determination.
Material and methods

Cell isolation and Percoll enrichment
Primary rat hepatocytes were isolated from heparinised male Wistar (N = 1) or Sprague-Dawley (N = 2) rats (weighing [ 250 g, purchased from Janvier, Le Genest-St-Isle, France or Harlan laboratories Inc., Indianapolis, IN, USA respectively) as previously reported ). Viable hepatocytes were enriched by Percoll gradient centrifugation. Briefly, 20 ml of a 50 % Percoll solution [Easycoll, Biochrom, Berlin, Germany; diluted with phosphate buffered saline (PBS)] were overlaid with the cell suspension (max. 50 9 10 6 viable cells in a volume of 5 ml) and centrifuged at 1,000g for 20 min at 25°C (Labofuge 400 R, Thermo Scientific, Schwerte, Germany). The supernatant was discarded; the pellet was resuspended in 50 ml PBS and centrifuged (50g; 5 min; 25°C). After removing the supernatant, the pellet was resuspended in Williams Medium E (PAN Biotech, Aidenbach, Germany) supplemented with 15 mM HEPES (cc-pro, Oberdorla, Germany), 1 % penicillin/streptomycin (cc-pro), 50 lg/ml gentamycin (cc-pro), 10 % fetal calf serum (FCS) from PAA Laboratories, Pasching, Austria, 1.4 lM Hydrocortison (Sigma-Aldrich, Steinheim, Germany) and 1 lM insulin (cc-pro). The cell number and viability were determined using trypan blue staining (Invitrogen, Darmstadt, Germany) . In all cases, the seeding cell viability was above 90 %.
Cell cultivation
Primary rat hepatocytes were seeded in different cell densities per well (2 9 10 5 , 3 9 10 5 , 5 9 10 5 , 7.5 9 10 5 and 10 6 ) in 6-well plates (Greiner BioOne GmbH, Frickenhausen, Germany) coated with rat tail collagen (Roche, Mannheim, Germany) in 1 ml Williams Medium E (supplemented as described above). For the concentration response curve for Calcein AM, hepatocytes were seeded at a density of 4 9 10 4 viable cells/well in 200 ll Williams Medium E (supplemented as described above) in a collagen coated 96-well plate. After 4 hours (h) of adherence, the medium was removed and the wells were washed with PBS at 37°C to remove dead/unattached cells. To each well, 1 ml or 200 ll of Williams Medium E (supplemented as described above except FCS) was added in 6 or 96-well plates respectively. The cells were incubated at 37°C with 5 % CO 2 in a humidified incubator. After 12 h, the viable cell number was determined as described below. The medium and the PBS of the washing steps for the cultivation in 6-well plates were pooled and the total cell number therein was determined using a Neubauer counting chamber with trypan blue staining method.
As proliferating cell line, Hep G2 cells (DSMZ, Braunschweig, Germany) were seeded at a density of 6 9 10 5 cells per well in 6-well plates (Greiner BioOne GmbH) in 1 ml Williams Medium E supplemented with 10 % FCS and 1 % penicillin/streptomycin (cc-pro). The medium was changed every 24 h.
Cell number determination
For the determination of the viable cell number, the incubation medium was removed and the cells were stained for 10 min with Calcein AM (Tebu-bio, Offenbach, Germany; 1 mg/ml in dimethyl sulfoxide) in Williams Medium E in a final concentration of 4 lg/ml. Calcein AM is an acetomethoxy derivative of calcein and is passively transported into the cells. Intracellular esterases cleave off the acetomethoxy group resulting in the generation of green fluorescent calcein which is kept inside the living cells. Since the esterases are only active in viable cells, the fluorescence is observed in viable cells only allowing an easy distinction between dead and viable cells (Bratosin et al. 2005) . After washing twice with 1 ml PBS to remove unbound dye, 1 ml of Williams Medium E was added and fluorescence pictures (excitation/ emission: 495 nm/515 nm) of 12 spots in each well were recorded. Bright-field pictures of three of these spots were also recorded. The cell number in the bright-field pictures was counted manually and related to the fluorescence stained area of the picture of the same spot. The stained area of every fluorescence picture was determined using ImageJ (http://rsb.info. nih.gov/ij/). The average cell size was estimated by dividing the fluorescence stained area by the manually counted cell number. This was done separately for all three spots in each well. The exact cell number in the remaining 9 spots was obtained by dividing the stained area of each spot by the average cell size in each respective well. Taking the mean cell numbers per spot and extrapolation to the area of the well, the viable cell number per well was determined. A scheme describing the procedure is depicted in Fig. 1 .
Protein extraction and quantification
After recording of the pictures of the hepatocytes, the medium was removed and 1 ml of 0.33 M NaOH was added to each well for cell lysis. The plates were incubated over night at 37°C in a humidified incubator without CO 2 supply. The protein content of the cell extracts was quantified by the Bradford assay (Bradford 1976) and the values were corrected by subtracting the background values of collagen-coated wells without cells.
Cell titer blue assay
The cell titer blue reagent (Promega, Mannheim, Germany) was diluted five fold in Wiliams Medium E and the cells were incubated with the reagent for 90 min at 37°C. The fluorescence (excitation/emission: 545 nm/590 nm) was measured using Fluoroskan Ascent CF instrument (Labsystems, Thermo Scientific, Schwerte, Germany).
Effect of Calcein AM on hepatocytes using ATP assay An ATP assay was carried out for the determination of the effects of Calcein AM on the hepatocytes. A concentration range from 0.001 to 250 lg/ml of Calcein AM was tested for the concentration response curve. The cells were incubated for 30 min with different Calcein AM concentrations, after which the cellular ATP content was determined using the CellTiter-Glo Kit (Promega, Mannheim, Germany). Briefly, after washing once with 200 ll PBS, the cells were incubated for 10 min with 100 ll of lysis reagent at 37°C. The lysates (75 ll from each well) were then transferred into wells of a black 96-well plate and the luminescence was measured using a luminometer (GloMax, Promega, Mannheim, Germany). The seeded cell number and experimentally determined cell number were compared using Student's t test. Significance is indicated at *p B 0.05, **p B 0.01, and ***p B 0.001.
Results
Cell number
For different seeded cell numbers (2 9 10 5 -10 6 viable cells per well) the actual cell numbers in situ were determined. Figure 2 shows the fluorescence and corresponding bright-field pictures for different seeded cell numbers. For the three lower seeded cell numbers (2 9 10 5 , 3 9 10 5 and 5 9 10 5 ) the detected cell number was between 87 and 95 % of the initial seeded cell number. For the higher seeded cell numbers, this percentage decreased to 71 and 56 % for 7.5 9 10 5 and 10 6 seeded cells, respectively. The viable cell numbers detected in each well and the corresponding viable cell number in the pooled medium of the washing steps adds up to the initial seeded cell number (Fig. 3) .
For proliferating Hep G2 cell line, the viable cell number per well was determined every 24 h for 4 days. The doubling time was calculated to be 30 h. Furthermore, a Cell Titer Blue assay was performed every 24 h ( Figure S1 ). The average error of the fluorescence based cell counting was 2.6 % (1.8-3.5 %). The average error of the Cell Titer Blue assay was 15.0 % (11.9-20.2 %).
Protein determination
The protein quantification was carried out after the fluorescence staining. The average protein content per rat hepatocyte cell was determined to be 864 ± 19 pg per cell after correction for the determined lost cell numbers. This value was found to be constant over the whole range of seeded cell numbers (Fig. 3) .
Effect of Calcein AM on hepatocytes
We tested different Calcein AM concentrations (0.001-250 lg/ml) for their effect on the cellular ATP levels. No change in the cellular ATP levels was observed ( Figure S2 ) at any tested Calcein AM concentration. Bar graphs represent initially seeded cell numbers (black) and corresponding experimentally determined cell numbers in the well (light grey) and in the respective pooled medium and washing steps (dark grey) for different seeding cell densities. Protein content per cell in pg determined at different initial seeding densities is shown by triangles. Error bars indicate standard deviations (N = 3; n = 9), except for the cell numbers in the pooled medium and washing steps (N = 2; n = 6)
Discussion
We describe a reliable method for the in situ determination of the viable cell number in cultures of adherent cells with high precision. We show that seeded cell numbers up to 5 9 10 5 viable primary rat hepatocytes per well in a 6-well-plate ensure high fraction of adherent cells (around 90 %). On the other hand, cell seeding densities above 5 9 10 5 viable rat hepatocytes per well in 6-well-plates did not improve adherence showing a saturation effect. The cell number determined for every well and the cell number in the corresponding pooled washing medium for each respective well adds up to the initial seeded cell number indicating the quality and the robustness of the method with standard errors of 2-5 % (N = 3, n = 9). This includes the inaccuracies in the determination of the cell number in the cell suspension used for the seeding and the seeding process itself. In the case of most other methods of cell number determination, e.g. trypan blue exclusion method, errors up to 10 % could be expected. The method was tested in triplicates in three independent experiments carried out on different days. Inter-assay variability was found to be nonsignificant. In addition, our method provides an in situ and non-invasive assessment of the viable cell number in monolayer cultures, in contrast to most other methods which are either indirect (e.g. lactate dehydrogenase release), invasive (e.g. ATP or DNA quantification) or require pre-treatment for bringing the cells in suspension (usually by the use of enzymes such as trypsin). The adherent cell number is generally cell-type specific and depends on the cultivation device. In addition to the non proliferating primary rat hepatocytes, we applied the method to the proliferating Hep G2 cell line ( Figure S1 ). The doubling time was calculated to be 30 h. The average error in cell number was less than 3 % indicating the feasibility of the method for proliferating cells. Therefore, our method can be easily adapted to other cell types and commonly used monolayer cultivation multi-well plate formats. The number of pictures recorded per well could be adjusted to represent the whole culture area. The method can be applied in temporal studies as determination of viable cell number over time is possible. This is of particular interest since the cell size often changes due to the flattening and spreading of the cells, e.g. in the case of hepatocytes. During flattening the area that is covered by one cell increases leading to an increase in the average cell size which is determined by dividing the total stained area by the manually counted cell number of the same spot. In the described method, the average cell size is determined separately for every time point and every well. The method, therefore, is perfectly suited to determine viable cell numbers over time under conditions where cell size changes with time.
Initial viability of the seeding cell suspension strongly influences the number of cells that will adhere as well as the quality of the culture. With an increasing fraction of dead cells in the cell suspension used for seeding, the fraction of viable cells that adheres will decrease not only due to space limitation but also due to the fact that dying cells release necrotic factors that may affect the viable cells. It has been reported that cultures with high seeding cell densities show a higher fraction of apoptotic cells and a higher loss of cells (Qiao and Farrell 1999) . In the case of the hepatocytes, the seeding densities affect the phenotype of the cells and may therefore influence the results of the in vitro study. It is reported that low seeding cell densities favor a hepatocyte phenotype similar to the one found in regenerating liver and clearly distinct from the hepatocyte phenotype observed in healthy tissue (Koji et al. 1988) . Confluent cultures result in a more differentiated phenotype and therefore better suitability for metabolism studies (Ramaiahgari et al. 2014 ). In the case of proliferating cells, such as mesenchymal stem cells, low seeding cell densities ensure good proliferation and expansion of the culture (Fossett and Khan 2012; Peh et al. 2013) .
Determination of the optimal seeding density is highly critical in any work with primary cells since the number of available primary cells is usually limited. As such, wasting of cells by seeding unnecessary high cell numbers should be avoided. We show that an increase in the seeded viable cell number from 5 9 10 5 to 10 6 cells per well led to an increase in the detected cell number of only 25 % indicating a wasting of around 4 9 10 5 viable cells per well. Determination of the optimal seeding density for each cell type is therefore recommended for better experimental planning.
This fluorescence based method can be multiplexed with other assays as we show for protein quantification. The protein content per cell was found to be constant over the whole range of seeded cell numbers at the time point of the assay (12 h) in this study. This demonstrates the high robustness of the combination of cell number determination and protein quantification under conditions when cells do not increase protein production or degrade the intracellular proteins. On the other hand, the method may be especially useful under conditions where the protein content per cell is expected to increase (Li et al. 2012; Wu et al. 1993) or decrease, e.g. in autophagy under stress conditions (Hopgood et al. 1980; Liu et al. 2009 ). The exact determination of the cell number in combination with protein quantification enables a precise determination of the protein content per cell. This is highly valuable in proteomics analyses where protein content is sometimes used for normalization. Protein content is often used for the normalization of functional parameters such as enzyme activities. In metabolomics analysis the exact cell number can be used to calculate the specific rates of metabolites uptake/production. Exact viable cell number therefore allows quantitative description of ''-omics'' readouts in systems biology. Other parameters experimentally determined values such as LDH release or albumin production could also be calculated as release per cell per hour.
Using an ATP assay, we show that concentrations of Calcein AM up to 250 lg/ml do not affect the viability of the seeded cells ( Figure S2 , supplementary material). Cellular ATP content is a very sensitive indicator for intracellular changes (Sandker et al. 1993; Gómez-Lechón et al. 2002) . Therefore, the Calcein AM staining can be assumed to be noninvasive and as such enables subsequent performance of other assays on the same culture. Many commercial fluorescence based cell counting methods on automated platforms require cells in suspension. In case of adherent cells, this will mean pretreatment of cells to bring them in suspension. As mentioned earlier, such a procedure is usually damaging to the cells. Our method in contrast, offers the advantage of allowing in situ determination of the cell number.
In summary, we developed a highly reliable and precise method for the determination of the viable cell number in situ in monolayer culture of adherent cells. This fluorescence based method eliminates inaccuracies in cell counting before seeding and the seeding process itself. Due to its non-invasive nature, the method allows multiplexing with other assays. The method can be used for the optimization of cell seeding densities thereby ensuring quality of the culture and efficient use of viable cells. This is very important in the case of primary cells where the availability is usually limited. Furthermore the results can serve as an experimentally determined reference for all other parameters analyzed in the course of an experiment over time. We therefore, show a simple method that allows quantitative analysis of biological data in mammalian cell culture for application in ''-omics'' methods used in systems biology approaches.
